1. Introduction: {#s0005}
================

Approximately one third of all cancer patients develop bone metastases in the course of their disease [@b0005], of which 70% originate within the spine [@b0010]. Spinal metastases often present with pain, neurological signs and symptoms, spinal instability or pathological fractures that all negatively affect patients' quality of life. Radiotherapy (RT) plays an essential role in the multidisciplinary management of vertebral metastases.

Conventional multi- or single-fraction RT of bone metastases results in overall and complete pain responses in approximately 70% and 30% of patients respectively [@b0015], [@b0020]. Unfortunately, about half of the patients develop progression with pain relapse within 1 year after treatment [@b0025]. Different treatment strategies are required to provide not only durable pain control, but also long-lasting local metastatic control in selected sub-cohorts of patients with better survival prognosis. This appears to be especially true for patients with so-called "oligometastases" who clearly benefit from the combination of radical RT with standard of care systemic therapy [@b0030].

Dose-intensified stereotactic body radiation therapy (SABR) uses highly conformal treatment planning and image-guidance to enable precise and accurate delivery of higher radiation doses (in a single or a few fractions). Prospective (non-randomized) trials and retrospective experiences have already demonstrated SABR to be an effective tool for treating metastatic spinal disease [@b0035], [@b0040], [@b0045], [@b0050], [@b0055], [@b0060], [@b0065], [@b0070]. However, the correct selection of patients candidates to potentially curative SABR remains challenging.

In the current study we report retrospectively the treatment outcome of patients with spinal oligometastases treated with SABR using daily cone beam computed tomography (CBCT) image guidance. The main goal was to determine local control, survival and toxicity as well as to find predictors for rapid local or systemic progression (ie. within 6 months after SABR) to facilitate upfront patient selection.

2. Material/methods {#s0010}
===================

2.1. Patients {#s0015}
-------------

Between March 2015 and June 2019, patients with spinal metastases (C1 to sacrum) were treated with stereotactic ablative radiotherapy (SABR) at the Iridium Kankernetwerk, Antwerp, Belgium. For this retrospective study, clinical data were prospectively collected, whereas data were retrospectively analyzed for the intent of the analysis.

Inclusion criteria for SABR in spinal metastases in our institute were as follows: patients with a histologically proven diagnosis of a solid tumor, a World Health Organization (WHO) classification score ≤ 2 and a life expectancy \> 6 months presenting with oligometastatic disease (≤5 lesions) or stable polymetastatic disease with an oligoprogressive lesion.

The involvement of more than 3 adjacent vertebrae, previous radiation therapy at the index site or progressive neurological symptoms/deficits due to an epidural tumor component with high grade Bilsky score [@b0075] were exclusion criteria. Patients with spinal instability (spinal instability neoplastic score (SINS) ≥ 13 based on radiological imaging) [@b0080] were also considered not to be suitable for SABR. In case of metastatic epidural spinal cord compression, a surgical decompression treatment was offered.

2.2. Treatment {#s0020}
--------------

All patients underwent treatment-planning computed tomography (CT) using 1 mm slice thickness CT in treatment position: patients were immobilized in a comfortable and stable supine position to irradiate the metastatic lesion(s) using support and/or immobilization devices (e.g. knee and feet support) to increase patient comfort and to ensure set-up reproducibility. A high-definition magnetic resonance image (MRI) of the treatment region was obtained and fused with the CT simulation scan for better target and spinal cord definition.

The clinical target volume (CTV) was contoured towards the International spine radiosurgery consortium consensus guidelines for target volume definition [@b0085], hereby including abnormal marrow signal suspicious for microscopic invasion and an adjacent normal bony expansion to account for subclinical tumor spread in the marrow space.

The high-dose planning target volume (PTV) was generated with an isotropic expansion of the CTV. Initially, this margin was 3 mm, since 2017 this was reduced to 2 mm after analysis of the set-up accuracy during treatment.

Treatment planning was initially performed using a Varian Clinac IX, and more recently, since 2017, using a Varian Truebeam STX. Volumetric modulated arc therapy (VMAT) plans were generated for 6 or 6FFF MV photons using ≥ 4 arcs with full or partial gantry rotation. Final dose calculation was performed with a collapsed cone algorithm (RayStation v7.0, RaySearch Laboratories, Sweden since 2017 and Eclipse v 13.6 AAA before) with a grid size of 1.0 mm. Immobilization material was taken into account.

The constraints of the report of the AAPM task group 101 [@b0090] were used for treatment planning.

The recommendations of Report 91 of the International Commission on Radiation Units and Measurements (ICRU) [@b0095] were used for prescribing, recording and reporting of the doses. The planning aim was to have 99% of the PTV receiving the prescription dose for an optimal target coverage. Because the constraints of the spinal cord (often in close proximity) prioritize over tumor coverage, covering of at least 80% to a cropped PTV (excluding spinal cord or cauda) was allowed to receive the prescribed dose. Otherwise the fractionation scheme was adapted in a more fractionated way.

Image guided treatment was performed using CBCT image-guidance and online correction of set-up errors in six degrees of freedom. An optical surface monitoring system (AlignRT, VisionRT, UK) was used since 2017 to enhance set-up accuracy during treatment.

SABR was standard delivered every other day in three fractions of 8--10 Gy, however conversion to 5 or 10 fractions was considered if necessary for adequate target volume covering and maintaining organs at risk constraints.

Regarding follow-up, clinical neurological evaluation, pain assessment (VAS score) and side effects were recorded. MR or CT based imaging of the spine was performed 3 months after treatment and further according to the physician\'s choice.

2.3. Statistical analysis {#s0025}
-------------------------

Following factors associated with progression-free survival (PFS), local recurrence (LR), overall survival (OS) and rapid progression were retrospectively investigated by uni- and multivariate analysis: Primary tumor, RPA class, delivered dose and timing and number of metastases. Patients having local and/or systemic progression within 6 months after the end of the treatment were defined as rapid progressors. The oncological outcome analysis was evaluated for 2 subgroups: the rapid progressors and the prostate cancer only patients.

Concerning toxicity, an uni- and multivariate analysis was performed for following factors: PTV dose and volume, pain, Bilsky and SINS score and presence of an osteolytic component.

3. Results {#s0030}
==========

3.1. Patients and treatment {#s0035}
---------------------------

We identified 59 patients receiving SABR to a total of 64 vertebral metastases and they were followed for at least 6 months. In 4 patients, 2 separate lesions were treated simultaneously while one other patient received SABR for 2 metachronous lesions with a 10-month time interval. Patient and tumor characteristics are depicted in [Table 1a](#t0005){ref-type="table"}. Prostate cancer was the predominant primary tumor site (58%).Table 1aPatient and tumor related characteristics.Patient related factors (N = 59)SexMale3864.4%Female2135.6%Performance statusWHO 04271.2%WHO 11728.8%WHO 200%Median age (start treatment)68[@b0140], [@b0145]Primary tumorProstate3457.6%Breast1525.4%Other1017.0%RPA class12339.0%22847.5%3813.5%  Tumor related factors (N = 64)Solitary lesionYes3046.9%No3453.1%Extent of diseaseOligometastatic (n ≤ 5)5789.1%Oligoprogression710.94%LocationCervical34.7%Thoracic3148.4%Lumbar2742.2%Sacral34.7%Imaging at diagnosisMR5179.7%PET/PSMA/choline scan3554.7%Bone scan +/− SPECT2437.5%TimingSynchrone1828.1%Metachrone4570.3%Primary11.6%Time interval (mean)56(0--228)Bilsky score/ECSC0\
1a\
1b\
1c51\
7\
3\
379.7%\
10.9%\
4.7%\
4.7%SINS score\<7\
7--1060\
493.7%\
6.3%[^1]

The majority of patients (89%) presented with synchronous or metachronous oligometastatic disease (OMD) (defined as ≤ 5 lesions). All oligometastatic patients were treated radically (52.6% with single metastasis and 47.4% with multiple metastases). Following the recent ESTRO/EORTC consensus recommendation of oligometastatic disease [@b0100], all oligometastatic patients were classified as follows: 32% with synchronous OMD and 47% with metachronous OMD (42% metachronous oligorecurrence and 5% metachronous oligoprogression); 20% repeat OMD of which 11% repeat oligorecurrence and 9% repeat oligoprogression.

On the other hand, there were 11% (7/64) of cases with polymetastatic disease having oligoprogression of a spinal metastasis. Towards, the ESTRO/EORTC recommendation the polymetastatic patients were categorized as induced oligoprogression (6/64) and in one patient as induced oligopersistence.

Regarding systemic therapy, 18 patients (30.5%) were not treated with systemic treatment, while regarding the other patients: 37 (62.7%) were treated simultaneously with hormonal therapy, 2 (3.4%) with chemotherapy and 2 (3.4%) with targeted or immunotherapy ([Table 1b](#t0010){ref-type="table"}).Table 1bTreatment related characteristics.Treatment related factors (N = 64)Dose prescription (Gy)21--30 Gy in 3 fractions5688.0%30--40 Gy in 5 fractions711.0%48.5 Gy in 10 fractions11.0%  Median dose PTV near max (BED, Gy)74(28--106)Median dose PTV D50% (BED, Gy)65(28--85)Median dose PTV near min (BED, Gy)32(17--103)  Systemic treatmentNo1830.5%Hormonal therapy3762.7%Chemotherapy23.4%Immunotherapy11.7%Targeted therapy11.7%[^2]

Patients receiving chemotherapies and targeted therapy interrupted the medical treatment during SABR, while hormonal therapy and immunotherapy was continued.

Forty-five lesions were osteoblastic (70%), 17 were osteolytic (27%), and 2 were mixed (3%); all patients had a SINS score of ≤ 10 [@b0075] based on the available medical imaging and no patients had upfront vertebral compression fracture (VCF).

Most patients (88%) were treated with 3 fractions of 8 to 10 Gy. The remaining patients (11%) were treated with 40 Gy in 5 fractions and 1 patient with 48.5 Gy in 10 fractions ([Table 1b](#t0010){ref-type="table"}). The mean GTV volume was 8.7 cc (range 0.5--58 cc) and mean PTV volume was 52.3 cc (range 2.7--150 cc). Biological effective dose (BED) was calculated assuming an α/β-ratio of 10 Gy for spinal metastases. Median dosimetric parameters PTV D98%, D50% and 2% were 32 Gy, 65 Gy and 74 Gy BED respectively.

3.2. Oncologic outcomes {#s0040}
-----------------------

Mean follow-up was 55 months for all patients. The 1-,2- and 5-year PFS was 98%, 85% and 75% for all patients ([Fig. 1](#f0005){ref-type="fig"}); for prostate cancer patients only, the 5-year PFS was 81%. OS at 5 years for all patients was 92%.Fig. 1Progression free survival (time in months) for all patients and for prostate cancer patients only.

In six patients (9.3%) a local recurrence was observed with a mean time interval of 11 months (range 3--22 months) after start of SABR. Concerning these 6 patients, 3 were having prostate cancer with high Gleason score (8or9); 2 patients had a colorectal tumor and 1 patient had a follicular thyroid carcinoma. All 6 metastases were diagnosed in metachronous setting and the recursive partitioning analysis (RPA) class was 1 or 2 in respectively 2 and 4 patients [@b0105]. There was no spinal cord compression (ESCC), 2 lesions were osteolytic and all 6 patients received SABR in 3 fractions with a median PTVD98%, 50% and 2% of 29, 49 and 55 Gy BED respectively. Mean GTV volume of these 6 lesions was 19 cc and mean PTV 57.8 cc.

In uni- and multivariate Cox regression analysis, metachronous (vs. synchronous) lesions (p \< 0.01; HR = 7.1) and oligometastatic (vs. oligoprogressive) lesions (p = 0.02; HR = 0.3) were correlated with higher PFS ([Table 2a](#t0015){ref-type="table"}). In subgroup analysis of prostate cancer patients, four variables were significantly associated with PFS in univariate analysis: RPA class, Gleason score, metachronous lesions and oligometastases ([Table 2b](#t0020){ref-type="table"}). In multi-variate analysis, the presence of metachronous lesions and oligometastatic disease remained marginally associated with better PFS (p = 0.05). Finally, we performed a subgroup analysis for rapid progressors- i.e., patient with systemic and/or local progression within 6 months after SABR treatment. Results from univariate analysis demonstrated Gleason score (p = 0.05), (cervical location (p \< 0.01) and number of fractions (p \< 0.01) as significant variables, however none of the parameters remained significant after multivariate analysis.Table 2aUnivariate and multivariate analysis of factors influencing PFS, LR and OS for all patients.VariableProgression Free survivalLocal Recurrence free survivalOverall SurvivalUnivariate analysisMultivariate analysisUnivariate analysisUnivariate analysisHR (95% CI)pHR (95% CI)pHR (95% CI)pHR (95% CI)pPrimary tumor (prostate vs other)0.39(0.12--0.28)0.120.08(0.01--0.49)0.0075.37(0.06--5.18)0.59RPA (2 vs 1)1.95(0.76--5.02)0.172.91(0.48--17.7)0.251.70(0.24--12.14)0.60RPA (3 vs 1)3.12(0.59--16.56)0.180(0-inf)0.991.38(0-inf)0.99Synchronous vs metachronous metastasis7.08(1.95--25.67)0.0038.25(2.21--30.88)0.0020(0-inf)0.991.87(0-inf)0.99Solitary metastasis (yes vs no)0.92(0.38--2.23)0.850.23(0.03--2.09)0.192.52(0.03--2.29)0.22Oligometastasis (yes vs no)0.26(0.08--0.83)0.020.22(0.07--0.700.0010.33(0.04--2.97)0.321.10(0.02--0.78)0.03PTV D2%1(1--1)0.271(1--1)0.931(1--1)0.39PTV D50%1(1--1)0.361(1--1)0.981(1--1)0.41PTV D98%1(1--1)0.871(1--1)0.581(1--1)0.51[^3]Table 2bUnivariate and multivariate analysis of factors influencing PFS, LR and OS for prostate cancer patients only.VariableProgression Free survivalLocal Recurrence free survivalOverall SurvivalUnivariate analysisMultivariate analysisUnivariate analysisUnivariate analysisHR (95% CI)pHR (95% CI)pHR (95% CI)pHR (95% CI)pRPA (2 vs 1)0.70(0.17--2.8)0.610(0-inf)0.991.14(0.1--12.96)0.91RPA (3 vs 1)8.91(1.41--56.3)0.025.0(0.42--60.34)0.20NANA2.69(0-inf)0.99Synchronous vs metachronous metastasis7.59(1.25--46)0.0313.23(0.95--184.93)0.05NANA3.92(0-inf)0.99Solitary metastasis (yes vs no)0.98(0.32--3)0.980.83(0.05--13.67)0.93.3(0.03--3.17)0.34Oligometastasis (yes vs no)0.11(0.03--0.44)0.0020.17(0.03--1.07)0.060.08(0--1.22)0.075.9(0--0.65)0.02PTV D2%1(1--1)0.481(1--1)0.561(1--1)0.28PTV D50%1(1--1)0.711(1--1)0.771(1--1)0.34PTV D98%1(1--1)0.511(1--1)0.911(1--1)0.61Gleason score0.04(0--0.75)0.030.07(0.00--3.53)0.190(0-inf)10(0-inf)0.98PSA1(0.97--1.05)0.750(0--2373)0.351.06(1--1.1)0.02Systemic therapy (no vs yes)1.1(0.3--4.1)0.882.14(0.13--34.23)0.590(0-inf)0.99[^4][^5]

3.3. Toxicity {#s0045}
-------------

No clinically radiation-induced myelopathy was observed. Vertebral compression fractures developed de novo in 6.3% (4/64) of patients. The median time to fracture was 11 months (range 7--15) after receiving SABR. The mean SINS score was 2.7, only 1 lesion was described as lytic and involved the posterior wall of the vertebral body. Mean GTV volume of these 4 lesions was 5.1 cc and mean PTV 58.1 cc. In three patients the lesion was located lumbar and in one thoracic. No spinal deformity of pre-existing VCF was seen before treatment. All 4 patients received SABR in 3 fractions with a median PTVD98%, 50% and 2% of 34, 560 and 71 Gy BED respectively. Three out of four patients received hormonal therapy concomitant and 1 patient had no concomitant systemic treatment.

Additionally, 67% of the patients were asymptomatic before SABR (median baseline pain score (VAS) was 0). Only 4 patients (6%) developed a pain flare-up during SABR treatment, of which 2 required corticoid treatment. During follow-up, a pain response was seen in 16% of the only 19 symptomatic patients, the other patients reported stable symptoms. Of all patients, five (8%) reported higher pain scores compared to baseline (due to VCF or degenerative reasons) during the first 6 months after treatment.

4. Discussion {#s0050}
=============

SABR is an innovative approach capable of delivering high radiation doses that potentially improve local control rates in the treatment of vertebral metastases. In this study, we report high rates of local control and minimal toxicity in patients treated with high-dose stereotactic hypofractionated RT for spinal metastases. Metachronous lesions and oligometastatic patients were identified as variables associated with better PFS rates in multivariable analysis. No clinically significant predictors for rapid progression could be retrieved.

Our high local control rates are consistent with LR described in the literature; different systematic reviews report similar high rates of local control (90% at 1 year) [@b0070], [@b0110]. Subgroup analysis of the patient cohort suffering local recurrences showed larger mean GTV volumes and inferior PTV covering compared to the whole cohort. These two factors may be correlated with a higher local recurrence risk.

In addition, the treatment was well tolerated: toxicity in general was low, with vertebral compression fractures in 6% of all patients and no neurologic adverse events. A multi-institutional spine analysis based on 410 spinal segments reported a 14% risk of development of VCF [@b0115]. A large systematic review reported VCF occurring in 9.4% of the patients [@b0115]. Baseline VCF, lytic lesions, spinal deformity and high SINS score [@b0035], [@b0040], [@b0045], [@b0050], [@b0055], [@b0060], [@b0120] have been identified as significant predictors of VCF. However, no clear association with these risk factors was seen in our subgroup. Our only finding was a predominance of lumbar locations (3/4) in the patients with VCF.

﻿The combination of modern RT techniques with novel systemic agents was reported in a recent Italian AIRO review [@b0125], the tolerability profile of the association between various ﻿tyrosin-kinase inhibitors and RT seemed to be acceptable. In our patient cohort the association of systemic therapies other than hormonal treatment was limited. Only 4 patients received systemic therapy and no excess toxicity was seen.

Concerning pain response, a recent prospective phase II trial demonstrated that the use of hypofractionated SABR for painful spinal metastases was associated with a rapid and durable pain response combined with improved quality of life [@b0130]. A randomized phase II trial demonstrated faster and improved pain response compared to conventional fractionated palliative radiotherapy [@b0135]. In contrary, the preliminary results of the ROTG 0631 could not demonstrate better pain response at 3 months with SABR (1x16 Gy) compared to palliative external beam radiotherapy (1x8 Gy) [@b0140]. In the current study, we retrieved pain scores retrospectively and non-standardized. Moreover, the majority of patients (67%) were baseline asymptomatic, so limited conclusions can be drawn for pain response in general.

Finally, we evaluated possible predicting factors for rapid progression, because correct selection of patients for potentially curative but costly SABR is of high importance. It is crucial to identify patients who would really benefit of more intensive treatment versus those who are rather candidate for a palliative intent. A prognostic index for OS using an RPA index has been developed in 2012 [@b0105] using 3 factors: time from primary diagnosis (\<\>30 months), Karnofsky performance status (\<\> 70) and age (\<\> 70 years). After retrospective analysis, the majority of our patient cohort (86.5%) consisted of RPA group 1 or 2, reflecting already a rather correct upfront patient selection. Our univariate analysis demonstrated also the number of fractions and cervical location as significant variables. However, these results were not retained in multivariate analysis so we assume no clinical significance and maintain meanwhile the RPA classification as prognostic for patient selection.

﻿There are certain limitations of this study worth mentioning: the retrospective nature, the relative small sample size and follow-up time; the ﻿heterogeneity of the cohort with different primary tumor types and lack of uniform fractionation regimen.

Strengths are the uniform dose reporting towards ICRU recommendations [@b0095] and a uniform contouring and planning system. ﻿A dedicated contouring and planning system for this high innovative treatment can lead to high ﻿local control rates and safety profiles [@b0145].

In conclusion, our results are consistent with those reported by others, indicating that SABR is an effective and safe treatment option for selected cases with spinal metastases, with a limited risk of complications. Oligometastatic patients with metachronous lesions seem to benefit the most from SABR for spinal metastases. Probably, these metachronous lesions are the main reflection of a true oligometastatic state. Obviously, these findings need to be investigated further in larger and prospective trials.
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[^1]: Abbreviations WHO: World health organization; RPA: Recursive partitioning analysis; MR: magnetic resonance; PET: Positron emission tomography; PSMA: Prostate-specific membrane antigen; SPECT: Single Photon Emission Computed Tomography; ESCC: epidural spinal cord compression score; SINS: Spinal Instability Neoplastic Score.

[^2]: Abbreviations PTV: planning target volume: BED: biological effective dose.

[^3]: Significant p-values (\<0.05) are marked in bold Abbreviations: HR:hazard ratio; CI:confidence interval; RPA:recursive partitioning analysis; PTV:planning target volume.

[^4]: Significant p-values (\<0.05) are marked in bold

[^5]: Abbreviations: HR:hazard ratio; CI:confidence interval; RPA:recursive partitioning analysis; PTV:planning target volume; PSA = Prostate specific antigen.
